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SUMMARY

The development of molecular descriptions of intrin-
sically disordered proteins (IDPs) is essential for
elucidating conformational transitions that charac-
terize common neurodegenerative disorders. We
use nuclear magnetic resonance, small angle scat-
tering, and molecular ensemble approaches to char-
acterize the IDPs Tau and a-synuclein. Ensemble
descriptions of IDPs are highly underdetermined
due to the inherently large number of degrees of
conformational freedom comparedwith available ex-
perimental measurements. Using extensive cross-
validation we show that five different types of
independent experimental parameters are predicted
more accurately by selected ensembles than by
statistical coil descriptions. The improvement in-
creases in regions whose local sampling deviates
from statistical coil, validating the derived confor-
mational description. Using these approaches we
identify enhanced polyproline II sampling in aggrega-
tion-nucleation sites, supporting suggestions that
this region of conformational space is important for
aggregation.

INTRODUCTION

During the last decade it has become widely recognized that

intrinsic protein conformational disorder is common in eukary-

otic proteomes and that this disorder is involved in numerous

essential cellular processes such as signaling and regulation

(Uversky, 2002; Tompa, 2002; Dyson and Wright, 2005). The

lack of stable secondary and tertiary structure, either over the

entire protein length or only in localized regions, imparts intrinsi-
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cally disordered proteins (IDPs) with a structural plasticity that is

essential for their cellular function and that is not achievable by

globular, ordered proteins (Fink, 2005; Dunker et al., 2008;

Tompa and Fuxreiter, 2008).

IDPs have also been the focus of research into the molecular

basis of numerous amyloid-based conformational disorders,

including major human neurodegenerative diseases such as

Alzheimer and Parkinson, characterized by conformational tran-

sitions from intrinsic disorder in the soluble form to insoluble

aggregates of the same proteins (Carrell and Lomas, 1997;

Dobson, 1999; Bucciantini et al., 2002; Uversky and Fink,

2004). The molecular basis of these transitions remains poorly

understood, not only because the trigger that initiates aggrega-

tion is inherently difficult to study but also because relatively

few details of the conformational behavior of the soluble forms

are known. In response to this challenge, there has been

considerable interest in the conception and application of ex-

perimental and analytical techniques to describe intrinsic con-

formational disorder (Mittag and Forman-Kay, 2007; Tompa,

2011).

Nuclear magnetic resonance (NMR) spectroscopy has

emerged as the most promising tool for the characterization of

unfolded proteins at amino acid resolution, and even atomic res-

olution (Dyson and Wright, 2004). The interpretation of NMR ob-

servables in terms of ensembles has required the development

of specific procedures that account for the particular averaging

behavior of each independent parameter, providing information

about both local and long-range conformational behavior (Meier

et al., 2008; Mittag et al., 2010). Solution state small angle X-ray

scattering (SAXS) provides complementary information con-

cerning the volume space sampled by IDPs (Sibille and Bernadó,

2012). Recent methodological developments of representative

ensembles have concentrated on restrained or replica-ex-

change molecular dynamics simulation, or sample-and-select

approaches whereby subensembles are derived from a broader

distribution (Allison et al., 2009; Fisher and Stultz, 2011; Jensen

et al., 2013; Mittag and Forman-Kay, 2007).
ights reserved
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One of these approaches exploits flexible-meccano (Bernadó

et al., 2005b; Ozenne et al., 2012a), a statistical coil generator, to

flood conformational space as broadly as possible, and uses the

genetic algorithm ASTEROIDS to select equivalent ensembles in

agreement with experimental data within the level of experi-

mental uncertainty (Jensen et al., 2010; Nodet et al., 2009;

Salmon et al., 2010). A recent study was used to determine the

ability of combinations of NMRchemical shifts (CSs) and residual

dipolar couplings (RDCs) to map local potential energy surfaces

on an amino acid-specific basis with special emphasis on the

ability to distinguish populations of b strand (bS), polyproline II

(bP), and a-helical conformations (Ozenne et al., 2012b). In this

study we apply these approaches, using extensive experimental

data, including 13C, 15N, and 1H CSs; paramagnetic relaxation

enhancements (PREs); 1DHN,
2DCHN, and

4DHNiHai-1 RDCs; and

SAXS, to describe the conformational behavior of full-length

Tau (hTau40) and a-synuclein (aSyn) in solution. Both of these

proteins are characterized by conformational transitions from

soluble, physiological proteins to insoluble forms of the same

protein, and in both cases these transitions are associated with

onset of neurodegenerative disease.

Although aSyn has been previously characterized using NMR

(Bernadó et al., 2005a; Bertoncini et al., 2005b; Cho et al., 2009;

Dedmon et al., 2005; Eliezer et al., 2001; Marsh et al., 2006;

Salmon et al., 2010; Ullman et al., 2011; Wu et al., 2008), a recent

ensemble description of the protein derived fromNMR data in its

soluble form was used to suggest a conformational equilibrium

between higher order oligomers and monomers in solution

(Gurry et al., 2013). Here we apply the ASTEROIDS approach

to develop an ensemble description of aSyn from solution-state

NMR and scattering data to determine local and long-range

conformational sampling propensities, but we also investigate

whether a monomeric ensemble can reproduce available exper-

imental data. hTau40 is a 441-amino acid protein and therefore is

the largest protein so far described at atomic resolution using

ensemble approaches, and as such poses several methodolog-

ical challenges that are addressed here.

It is widely understood that ensemble descriptions of IDPs are

likely to be underdetermined, due to the large number of degrees

of conformational freedom compared with independent experi-

mentalmeasurements. It is therefore essential to calibrate exper-

imental procedures used todefine representative ensembles.We

have recently published a detailed study (Ozenne et al., 2012b)

that provided guidelines describing how accurately different

combinations of CSs and RDCs can be expected to map back-

bone dihedral angle distributions when used in combination

withASTEROIDS. Thecurrent studydraws from theseguidelines,

using combinations of RDCs and CSs that, according to calibra-

tion, should be able to delineate the regions of Ramachandran

space. We place particular emphasis on cross-validation of en-

sembles of IDPs derived from experimental NMR data, showing

that five different types of independent experimental parame-

ters are predicted more accurately by selected ensembles than

by statistical coil descriptions. The improvement increases

in regions whose local sampling deviates from statistical coil,

validating the derived conformational description, and demon-

strating the predictive capacity of the ASTEROIDS approach.

The ASTEROIDS ensembles verify that both proteins are

highly disordered in solution with weak long-range contacts
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between distant regions of the peptide chain, in both cases

driven by electrostatic interactions. Intriguingly, however, we

find a higher propensity for sampling of the bP region of confor-

mational space than is present in common statistical coil

models, and in particular this sampling is localized in the vicinity

of the aggregation-nucleation sites of the proteins. This observa-

tion supports the hypothesis that population of the bP region of

conformational space represents a precursor for aggregation

and formation of stable b sheets.

RESULTS

Combined SAXS/NMR Ensemble Description of aSyn
13Ca, 13Cb, 13C’, 15N, and 1HN CSs; 1DHN RDCs; SAXS; and four

PRE data sets were combined with flexible-meccano sampling

and ASTEROIDS selection to define the conformational sam-

pling of aSyn (Figure 1). aSyn serves as a well-studied IDP

against which to test the ability of ensemble descriptions to

simultaneously reproduce diverse data types while predicting

independent data sets.

The combination of 13Ca, 13Cb, 13C’, 15N, and 1HN CSs and
1DHN has been shown to unambiguously distinguish populations

of bP, bS, and right- (aR) and left (aL)-handed a-helical regions

(Ozenne et al., 2012b). Populations of the different regions of

Ramachandran space determined from the analysis of aSyn

are shown in Figure 2. Most noticeably, in comparison with the

statistical coil sampling (black line), the population of the bP

region is significantly and continuously elevated in numerous

segments, in particular residues 76–81, which forms the

central region of the nonamyloid-b component of the amyloid

plaque region. The enhanced bP propensity is accompanied

by a generally reduced propensity for bS compared with the

statistical coil.

The previously described dependence of RDCs on the long-

range contact present between the C and N termini is again

noticeable and is not commented on further here (Allison et al.,

2009; Bernadó et al., 2005a; Bertoncini et al., 2005a). We note

that the effective radius of gyration is higher when SAXS data

are incorporated in the selection (Figure 2). This is to be ex-

pected, because none of the other data are unambiguously

sensitive to the more extended conformations that contribute

uniquely to SAXS.

The predictive nature of the flexible-meccano/ASTEROIDS

approach was investigated by removing data from the analysis,

in this case 1DHN RDCs, and calculating these values from the

conformational sampling derived from the chemical shifts alone.

As shown in Figure 1 and Table 1, these independent data are

well reproduced by the local and long-range conformational

ensemble determined from CSs, SAXS, and PRE data (nearly a

factor of two better than the statistical coil; Table 1). To test

whether this improvement derives from regions whose confor-

mational sampling is identifiably different from the starting

pool, we have compared the overall reproduction of subsets of

residues for which DRama, a metric of the difference in local sam-

pling between the selected ensemble and the statistical coil pool

(see Experimental Procedures), is higher than 0.05 (Table 1).

Although the c2 falls in both cases, the effect is more significant

for the residues for which the local conformational sampling

changes the most compared to the statistical coil.
8–249, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 239



Figure 1. ASTEROIDS Reproduction of Experimental Data from aSyn

Top left: experimental (red) and calculated (blue) SAXS data.

Bottom left: experimental and calculated PREs.

Top right: experimental and calculated CSs.

Bottom right: experimental RDCs (red) and RDCs calculated from ASTEROIDS selection using SAXS, PREs, and CSs in the absence of RDCs (blue) and RDCs

calculated using the statistical coil model (no selection) to describe the conformational sampling (dotted line).
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ASTEROIDS Description of the K32 Construct of Tau
Protein
Next, we applied the flexible-meccano/ASTEROIDS analysis to
13Ca, 13Cb, 13C’, 15N, and 1HN CSs as well as 1DHN,

2DCHN, and
4DHNiHai-1 RDCs of the 198-residue Tau fragment K32 (Figure 3).

K32 encompasses the four repeat sequences that include the

microtubule binding and aggregation-nucleation sites of Tau,

as well as the proline-rich region (residues 198–240) (Mukrasch

et al., 2007b). The structural propensities in the proline-rich re-

gion are particularly interesting because it is targeted by several

kinases and is essential for efficient Tau-driven assembly of

tubulin into microtubuli (Preuss et al., 1997).

Access to 1DHN,
2DCHN, and

4DHNiHai-1 RDCs and five different

types of CS allows for a more rigorous validation of the ensem-

bles. Again following the recent calibration study identifying

combinations of experimental data that accurately delineate

sampling of Ramachandran space (Ozenne et al., 2012b),
2DCHN and 4DHNiHai-1 RDCs and 15N and 1HN CSs were sepa-

rately removed from the selection procedure and back-calcu-

lated from the selected ensembles (Figure 4 and Table 1). The
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reproduction of both types of RDCs and CSs is better in compar-

ison with the statistical coil (Table 1), with 1HN chemical shifts

and 4DHNiHai-1 RDCs showing the most significant improve-

ments. When only residues for which DRama is higher than

0.05 are included, this differential is maintained or improved

(Table 1). The analysis again demonstrates the generally predic-

tive capacity of the flexible-meccano/ASTEROIDS ensemble

selection of IDPs.

Amino acid-specific conformational sampling is presented

in Figure 5 in terms of populations of four broad regions of

Ramachandran space. In agreement with studies of a shorter

construct (K18), where chemical shifts and 1DHN were used to

define the conformational sampling (Mukrasch et al., 2007a;

Ozenne et al., 2012b), the four glycine-rich sequences in the

repeat domain, as well as four type I b-turns, have significantly

increased aR population (Figure 5). Interestingly, higher popula-

tions of bP are observed in between residues (275–282),

(307–313) and (338–346); the two former regions comprise hex-

apeptides that have been identified as aggregation-nucleation

sites. In line with the high abundance of prolines within residues
ights reserved



Figure 2. Conformational Propensities in aSyn Derived from RDCs,

CSs, PREs, and SAXS

Top: distribution of radius of gyration (Å) in statistical coil pool (black), in the

SAXS+RDC+PRE+CS-selected ensemble (blue), and in the PRE-only selected

ensemble (red).

Bottom four panels: local conformational propensities. Black lines indicate

proportion of conformers in the statistical coil pool. Colored bars indicate the

population level in ensembles selected on the basis of the experimental data.

See Experimental Procedures for definitions of different regions.
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212–232, the levels of bP sampling were up to 20% higher than

expected from the statistical coil. In proline-containing segments

the population of bP even exceeded 60% (Figure 5).

Elevated Population of bP Conformations in
441-Residue Tau Protein
Backbone resonances of the 441-residue isoform of the Tau pro-

tein, hTau40, the longest Tau isoform found in the human brain,

have been fully assigned, providing the basis for a detailed anal-

ysis of its conformational properties (Mukrasch et al., 2009). Here

we incorporated different backbone and 13Cb CSs in combina-

tion with 1DHN RDCs, SAXS data, and PREs from 12 different

cysteine mutants into a single flexible-meccano/ASTEROIDS
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ensemble selection of hTau40 (Figure 6). Selection of represen-

tative ensembles against such a largemolecule, comprising 441-

amino acids constrained by more than 2,500 PRE-derived peak

intensity ratios, more than 2,000 chemical shifts, as well as RDCs

and SAXS data, challenges the conformational ensemble selec-

tion by the ASTEROIDS algorithm. The optimal number of

structures in the selection was estimated from cross-validation

procedures to be approximately 400, so that each selection re-

quires the averaging of nearly three million simulated observ-

ables. To achieve convergence, 100,000 iterations of the genetic

algorithm were required (3 3 1011 operations).

Figure 7 depicts conformational sampling as a function of the

four regions of Ramachandran space. Within the common 198

amino acids between K32 and full-length Tau, the local confor-

mational sampling described above is reproduced almost

identically in the full-length protein (chemical shifts are superim-

posable in the two constructs except for three to five residues in

the immediate vicinity of the N and C termini). For the remainder

of the protein, two regions with significant helical propensity are

clearly visible (II and IX in Figure 7), as well as two shorter turn re-

gions around residues 138 and 146, containing a high concentra-

tion of charged residues. Apart from these helix/turn motifs, the

most marked observation concerns the elevated population of

bP conformations at specific regions in the protein (I, IV, V, and

VI). Although the presence of proline residues throughout the

protein is clearly correlated with seeding of elevated bP popula-

tions, there are notable exceptions, where elevated bP exists in

the absence of vicinal prolines, such as regions III, VI, and VIII. In

line with results obtained for K18 and K32, both microtubule

binding and aggregation-nucleation hexapeptides (VI and VII)

present elevated bP populations, and they are followed by

b-turns. Besides the description of local structural propensities,

the flexible-meccano/ASTEROIDS ensemble description iden-

tifies the transient long-range contacts that characterize the

Tau protein (Figure 8). Analysis of the long-range contacts in

the ensembles not only reveals the long-range contact between

the N terminus and the proline-rich region (Bibow et al., 2011;

Mukrasch et al., 2009) but also points to a more extended nature

of the repeat domain (240–370). Again comparison of distribution

of radii of gyration over ensembles selected with and without

SAXS data underlines the complementary nature of SAXS and

PRE data (Figure 8).

To validate the ensemble of hTau40 conformers, 1DNH RDCs

were again left out of an entire analysis and compared with

prediction using the ensemble selected by the remaining ex-

perimental constraints (Table 1; Figure 7). Reproduction of

experimental RDCs from the selected ensemble was more

than a factor two better than those predicted from the statistical

coil. Gradual removal of residues that have similar conforma-

tional sampling to the statistical coil again significantly increases

the differential between back-calculated c2 for ASTEROIDS

selections compared with the statistical coil (Table 1; Figure S2

available online). This is further supported by Figure 7, where

the differences between statistical coil and ASTEROIDS selec-

tion derived from CS, SAXS, and PREs are shown to coincide

with regions for which RDCs are better predicted by the selection

than the statistical coil (for the regions I, IV, V, and VI showing a

higher level of bP ASTEROIDS-predicted RDCs are closer

to the experimental values). This provides strong, independent
8–249, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 241



Table 1. Testing Predictive Nature of ASTEROIDS Ensembles by Prediction of Independent Observables

Activea Passiveb c2
CV,AST

c c2
CV,COIL

d c2
CV,AST,DRama

e c2
CV,COIL,DRama

f

hTau40 D(13Ca, 13Cb, 13C’, 15N, 1H), SAXS, PRE 1DHN 1.05 (228)g 2.02 (228) 1.23 (171)h 3.63 (171)

1.32 (59) 4.45 (59)

0.35 (20) 6.4 (20)

K18 D(13Ca, 13Cb, 13C’, 15N, 1H) 1DHN 1.68 (130) 3.20 (130) 0.98 (34) 6.15 (34)

K32 D(13Ca, 13Cb, 13C’, 15N, 1H), 1DHN
2DCHN 1.42 (168) 1.81 (168) 1.45 (47) 2.28 (47)

K32 D(13Ca, 13Cb, 13C’, 15N, 1H), 1DHN
4DHNHa 1.93 (139) 3.00 (139) 2.70 (37) 3.98 (37)

K32 D(13Ca, 13Cb, 13C’), 1DHN D(1H)i 1.87 (167) 2.49 (167) 1.66 (44) 2.49 (44)

K32 D(13Ca, 13Cb, 13C’), 1DHN D(15N) 2.00 (167) 2.25 (167) 2.04 (44) 2.18 (44)

K32 D(13Ca, 13Cb, 13C’), 1DHN,
2DCHN D(1H) 1.73 (167) 2.49 (167) 1.21 (44) 2.49 (44)

K32 D(13Ca, 13Cb, 13C’), 1DHN,
2DCHN D(15N) 1.99 (167) 2.25 (167) 1.97 (44) 2.18 (44)

aSyn D(13Ca, 13Cb, 13C’, 15N, 1H), SAXS, PRE 1DHN 0.44 (104) 0.91 (104) 0.29 (41) 0.80 (41)

See also Figure S2.
aExperimental data used in the ASTEROIDS ensemble selection.
bExperimental data against which the validity of the ensemble is tested (not included in the selection).
cReduced c2 of passive data set compared with the ASTEROIDS selection.
dReduced c2 of passive data set compared with the statistical coil description of the protein.
eReduced c2 of passive data set compared with the ASTEROIDS selection. Amino acids are only included if the local potential energy function of the

residue is different from statistical coil (DRama > DRama,threshhold).
fReduced c2 of passive data set compared with the statistical coil description of the protein. Amino acid selection as in footnote e.
gNumber in parentheses refers to number of residues included in selection.
hNumber in parentheses refers to number of residues included in selection; this falls as DRama is more selective.
ic2 calculated with uncertainty of 0.1 ppm for 1H CSs and 1.0 ppm for 15N CSs.
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evidence that the conformational description is meaningful, and

predictive.

Finally, the agreement between experiment and prediction

deteriorates slightly if the underlying modulation of locally

calculated RDCs, due to the long-range contact between the

N terminus of Tau and the proline-rich region (212–232), is not

included in the analysis, reinforcing previous observations about

the importance of long-range interactions in experimentally

observed RDC profiles (Salmon et al., 2010; Schneider et al.,

2012).

DISCUSSION

The development of molecular descriptions of intrinsically disor-

dered proteins on the basis of experimental data poses obvious

questions of underdetermination and sampling bias. Our

approach to the interpretation of experimental data from IDPs

exploits two distinct algorithms. Flexible-meccano (Bernadó

et al., 2005b; Ozenne et al., 2012a) samples the phase space

available to a statistical coil model of the protein using amino

acid-specific conformational energy potentials, combined with

simple steric exclusion. The experimental data are not used at

this stage, the aim being to sample the full energy landscape

accessible for a statistical coil model for the specific primary

sequence with negligible introduction of bias either from data

or molecular dynamics force fields. The experimental data are

then used in a second step, performed by the ASTEROIDS

algorithm (Jensen et al., 2010; Nodet et al., 2009), to define

conformational sampling of ensemble space that verifies exper-

imental data.

We have combined NMR, SAXS, and the flexible-meccano/

ASTEROIDS approach to characterize the local and long-range
242 Structure 22, 238–249, February 4, 2014 ª2014 Elsevier Ltd All r
structure of two IDPs, demonstrating that both proteins are

highly disordered in solution. In the case of aSyn, this result

stands in contrast to recent descriptions of the protein, where

the presence of large, multimeric conformational heteromers

was proposed to constitute up to 25% of the ensemble of struc-

tures present in solution (Gurry et al., 2013; Wang et al., 2011).

We find no evidence to support the presence of such large-

molecular-weight assemblies, neither from NMR spectroscopy,

where they would presumably give rise to negligible signal in

comparison with flexible monomers, nor from SAXS where their

presence should also be detectable.

The combination of SAXS and PREs in a single ensemble

description reconciles two apparently contradictory observa-

tions regarding the presence of long-range contacts in the

context of the generally extended nature of the Tau protein in

solution. With respect to an entirely unfolded statistical coil

description of Tau, the pairwise distribution of interresidue con-

tacts derived from experiment demonstrates the presence of

both compaction (due to the contact between the N terminus

and the proline-rich region) and amore extended region contain-

ing the four repeats comprising the K18 construct, in line with

previously published SAXS data (Mylonas et al., 2008).

Importantly, the analysis presented here exploits combina-

tions of experimental constraints that were recently calibrated

against simulation to accurately determine local conformational

sampling (Ozenne et al., 2012b). Although CSs and RDCs pre-

dominantly report on local order and PREs and SAXS mainly

report on transient intrachain contacts and sampling of the vol-

ume space by the unfolded chain, all parameters are to some

extent dependent on both local and long-range effects. It is

therefore preferable to combine all experimentally measurable

constraints in a single ensemble, if only to reduce the ambiguity
ights reserved



Figure 4. Cross-Validation of K32 Ensemble

Reproduction of experimental (red) data from K32 using ASTEROIDS

ensemble selection (blue) when not included as active data in the ASTEROIDS

target selection function.

(A) Experimental and calculated 4DHNiHai-1 RDCs from selection using 13Ca,
13Cb, 13C’, 15N, and 1HN CSs and 1DHN RDCs.

(B) Experimental and calculated 2DHNC’ RDCs from selection using 13Ca, 13Cb,
13C’, 15N, and 1HN CSs and 1DHN RDCs.

(C) Experimental and calculated 15N CSs from selection using 13Ca, 13Cb, and
13C’ CSs and 1DHN and 2DHNC’ RDCs.

(D) Experimental and calculated 1HN CSs from selection using 13Ca, 13Cb, and
13C’ CSs and 1DHN and 2DHNC’ RDCs.

Figure 3. Reproduction of Experimental Data from K32 when

Included asActive Data in the ASTEROIDS Target Selection Function

(A–E) Experimental (red bars) and calculated (blue lines) CS data.

(F) Experimental RDCs (red) and values calculated from ASTEROIDS selection

(blue).
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inherent in the interpretation of the available experimental data.

The resulting ensemble descriptions can be checked for consis-

tency by removing data from the selection procedure to analyze

the predictive nature of the approach.

A total of nine independent sets of five different types of exper-

imental parameter (1DHN,
2DCHN, and

4DHNiHai-1 RDCs and 1HN

and 15N CSs from K18, K32, hTau40, and aSyn) were predicted

from ASTEROIDS selections, using combinations of active

experimental data that have been identified to accurately map

Ramachandran space of each amino acid. For the 198-amino

acid construct of K32, this allows for an extensive level

of cross-validation that supports previous simulation-based

prediction (Ozenne et al., 2012b) concerning the ability of

ASTEROIDS to probe the free-energy landscape of IDPs. Criti-

cally, we find that for K18, K32, full-length Tau, and aSyn, the

different RDCs and CSs are better predicted by the ASTEROIDS

selection than by the general statistical coil model (Table 1 and

Figures 4 and 7). This is already a significant result, because in

all cases themajority of the protein does not exhibit a significantly

different behavior fromstatistical coil. If thehigher accuracyof the

prediction using ASTEROIDS derives from a real improvement in

the conformational description, then this difference should in-

crease when amino acids showing statistical coil-like conforma-
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tional distributions are removed from the selection. This is indeed

the case (Table 1), most notably for hTau40, K18 1DHN, K32
2DCHN, and

4DHNiHai-1 RDCs and K32 1H CSs where the increase

in the reduced c2 is remarkable when focusing on regions exhib-

iting significantly different behavior compared to statistical coil.

These cross-validation results provide quantifiable evidence

that the identified local conformational details reported by the

ASTEROIDS ensemble are genuine and accurate and therefore

unlikely to derive from noise or poor conformational sampling.

The results also stand in contrast to molecular dynamics-based

approaches, where RDCs appear to be difficult to reproduce

from trajectories of IDPs unless they are explicitly included in a

restrained molecular dynamics target function (Ball et al., 2011;

Sgourakis et al., 2011).

The analysis developed here uses PREs, SAXS, and a total of

eight types of CS or RDC that each have unique conformational

dependences. Nevertheless, there is clear potential for improve-

ment of this kind of ensemble description with other solution

approaches. Although we have not directly cross-validated

our ensembles against other data, comparison of our results

on aSyn and Tau with descriptions derived from Förster reso-

nance energy transfer (Jeganathan et al., 2006; Nath et al.,
8–249, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 243



Figure 5. Conformational Propensities in K32 Derived from RDCs

and CSs

Color scheme as for Figure 2. The proline-rich region (212–232) and re-

gions (275–282), (307–313), and (338–346) exhibit elevated bP propensity

(shading).
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2012), electron paramagnetic resonance (Jeganathan et al.,

2006), and mass spectrometry (Bernstein et al., 2004) are in

broad general agreement in terms of long-range structure. Com-

bination of SAXS and PRE data provides clear complementarity,

defining both local close contacts and pairwise distance distri-

butions, both of which are essential for an accurate description

of long-range behavior.

Local conformational sampling is nonuniform along the

sequence. A key finding of our study is that both IDPs exhibit

enhanced propensity to sample the bP region of Ramachandran

space compared with the statistical coil. We note that the

description that is used here closely resembles alternative statis-

tical coil libraries (Fitzkee et al., 2005; Jha et al., 2005; Smith

et al., 1996; Swindells et al., 1995), bearing the same local sam-

pling features. The raised propensities observed in aSyn and Tau

are often found to be locally continuous, even though the

ensemble selection treats each amino acid independently. Our

analysis therefore suggests a ‘‘seeding’’ mechanism whereby

the probability of bP is energetically enhanced by cooperative

effects. We also found segments that do not contain proline res-

idues that exhibit enhanced bP propensities, including regions

that are involved in the initial steps of aggregation.

There is a long history of the implication of bP in denatured or

unstructured peptides. Almost 40 years ago Tiffany and Krimm
244 Structure 22, 238–249, February 4, 2014 ª2014 Elsevier Ltd All r
(1969) proposed that denatured proteins are not ensembles of

random coils, but rather consist of short bP helix-like stretches

interspersed with bends. This idea was corroborated by various

groups demonstrating the propensity of unfolded/disordered

proteins to adopt bP helix-like conformations (Creamer and

Campbell, 2002; Pappu and Rose, 2002; Shi et al., 2006;Woody,

2009; Zagrovic et al., 2005). The propensity of unfolded proteins

to adopt a bP helix-like conformation has been rationalized

not only by a stabilization of the bP helix through favorable

interactions of the backbone with the solvent but also with the

minimization of electrostatic repulsion or the formation of side

chain-to-backbone hydrogen bonds (Shi et al., 2002). It was

also previously proposed that bP represents a ‘‘killer conforma-

tion’’ in amyloidogenic proteins, facilitating the transition to bS

(Blanch et al., 2000), and eventually amyloid fibril formation.

Until recently, bP conformations in IDPs could only be identi-

fied through general conformational methods such as ultraviolet

circular dichroism (UVCD) (Eker et al., 2003), vibrational circular

dichroism (VCD), Raman optical activity (ROA) (McColl et al.,

2004; Syme et al., 2002), or Fourier transform infrared spectros-

copy (Mästle et al., 1995). In particular CD and related tech-

niques designated the proteins Tau and aSyn (Schweers et al.,

1994; Weinreb et al., 1996) as having predominantly random

coil structure. Although quantitative analysis is possible from

peptides and model systems (Keiderling and Xu, 2002; Krimm

and Tiffany, 1974; Schweitzer-Stenner, 2013), we are not aware

of quantification of the polyproline content in aSyn or Tau by VCD

and UVCD. A detailed ROA analysis of aSyn proposed a global

mixture of a helix, b sheet, and bP with obvious parallels to the

site-specific analysis described here (Maiti et al., 2004). Homo-

nuclear NMR, using nuclear Overhauser effect spectroscopy

or 3J coupling constants (Shi et al., 2002), have been used to

invoke the general presence of bP in unfolded peptides, but

evidence was not entirely unambiguous (Makowska et al.,

2006). The recently developed approaches used here, based

on CSs and RDCs, seem to provide the promise of a more quan-

titative analysis of the population of bP in IDPs.

Conclusions
In conclusion, we have presented amino acid-specific ensemble

descriptions of the intrinsically disordered amyloidogenic poly-

peptides involved in human neurodegenerative disease, aSyn

and Tau. Both long-range and short-range conformational sam-

pling was described on the basis of CSs, RDCs, PREs, and

SAXS. The ensemble descriptions were systematically tested

for consistency with independent experimental data that were

not incorporated into the analysis, providing a quantitative

measure of the predictive capacity of conformational ensem-

bles. We believe that the systematic observation of improvement

in the accuracy of different types of back-calculated RDCs rela-

tive to statistical coil prediction provides an unprecedented test

of the predictive nature of an ensemble-based approach to IDP

description.

We provide ensemble descriptions of Tau and aSyn that

account for local conformational propensity and transient long-

range contacts and that also describe the volume space

sampled by the entire unfolded chain. The analysis revealed

that the region of Ramachandran space corresponding to poly-

proline II is locally favored in both proteins, in particular in
ights reserved



Figure 6. Reproduction of Experimental Data from 441-Residue Tau Using ASTEROIDS
Left: experimental (red) and calculated (blue) PRE data.

Top right: experimental (red) and calculated (blue) CS data.

Mid-right: experimental (red) and calculated (blue) RDCs.

Bottom right: experimental (red) and calculated (blue) SAXS data.

See also Figure S1.
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aggregation-prone regions, providing potential precursors for

pathogenic bS formation.
EXPERIMENTAL PROCEDURES

Experimental NMR

NMR spectra were acquired on Bruker spectrometers with proton frequencies

of 600, 700, 800, and 900 MHz equipped with cryogenic probes and Agilent

spectrometers with proton frequencies of 600 and 800 MHz equipped with

cryogenic probes. NMR data were processed with NMRPipe (Delaglio et al.,

1995) and analyzed using Sparky (T.D. Goddard and D.G. Kneller, SPARKY3,

University of California, San Francisco). CSs for the longest 441-residue

splice-isoform of hTau40 were determined previously at pH 6.8 and 25�C
(Narayanan et al., 2010). 1DHN RDCs in hTau40 were obtained using an in-

phase-antiphase (IPAP)-heteronuclear single quantum correlation (HSQC).
1DHN values were calculated as the difference between the splitting in the

isotropic and weakly aligned state. Weak alignment of hTau40 was achieved

in a nonionic liquid crystalline medium of 5% pentaethyleneglycolmonoocty-

lether/n-octanol (Rückert and Otting, 2000). Otherwise, the NMR buffer con-

tained 50 mM NaH2PO4/Na2HPO4 (pH 6.8), 10% D2O. IPAP-HSQC spectra

were acquired at 5�C.
Experimental CSs of the K32 construct of Tau were obtained at 5�C as

described previously (Mukrasch et al., 2007b). To avoid any bias we calculated

the CSs of K32 corresponding to 25�C by comparing the 5�C assignment of
Structure 22, 23
K32 with the 25�C assignment of full-length Tau (Mukrasch et al., 2009), and

we applied a uniform shift to each nucleus type independently. Different types

of RDCs were measured in stretched polyacrylamide gels: 1DHN,
2DCHN, and

4DHNiHai-1. The RDCs were measured using band-selective excitation short-

transient-type three-dimensional triple resonance [HNCO or HN(CO)CA]

experiments allowing for coupling evolutions (Rasia et al., 2011). Spectra

were acquired at 5�C and an 1H resonance frequency of 800 MHz. In the

case of aSyn, previously determined CSs and RDCs were used (Bertoncini

et al., 2005b; Cho et al., 2009).

SAXS

SAXS data were collected at X33 at the European Molecular Biology Labora-

tory on DORIS III (DESY) at a wavelength of 1.5 Å at 25�C using a Pilatus 1M

photon counting detector. Samples were exposed to eight frames of 15 s.

Tau samples contained either 1.0, 2.5, 4.0, or 10 mg/ml hTau40 in 50 mM

phosphate buffer (pH 6.8) and 1 mM dithiothreitol. In the case of aSyn, protein

concentrations of 1.6, 3.3, and 5.0 mg/ml in 10 mM phosphate buffer (pH 7.4)

were measured. For both proteins, comparison of SAXS data at different

protein concentrations excluded any concentration effect. Data at 5.0 mg/ml

aSyn and 4.0 mg/ml hTau40 were used for further analysis using ATSAS 2.3

(Konarev et al., 2006).

Flexible-Meccano/ASTEROIDS

The conformational sampling and ensemble selection algorithms flexible-

meccano (Bernadó et al., 2005b; Ozenne et al., 2012a) and ASTEROIDS
8–249, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 245



Figure 7. Conformational Propensities in 441-Residue Tau Derived from RDCs, CSs, PREs, and SAXS

Color scheme as for Figure 2. The position of proline residues in Tau are shown as open circles in the second panel. Top panel shows experimental 1DHN RDCs

(black) compared with values predicted using the statistical coil model (blue) and values predicted using the ASTEROIDS selection based on CSs, PREs, and

SAXS data only (red). The numbered regions are described in the text and show either differences in conformational sampling (calculated using Equation 1) or

clear improvement in prediction based on the selected ensemble compared with the statistical coil model.
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(Nodet et al., 2009) were used as recently described. In brief, a pool of statis-

tical coil conformers was generated using flexible-meccano, and experimental

observables were calculated for each conformer: CSs using SPARTA (Shen

and Bax, 2007), RDCs using an in-house algorithm, SAXS using Crysol

(Bernadó et al., 2005b; Svergun et al., 1995; Wells et al., 2008), and PREs as

previously described (Salmon et al., 2010). Expected average values were

calculated over each subensemble, and the genetic algorithm ASTEROIDS

was used to select subsets of conformers reproducing experimental data

(Ozenne et al., 2012b).

Local alignment windows of 15 amino acids in length were used to calculate

averaged RDCs (Marsh et al., 2008). These were then combined with a generic

baseline to account for long-range effects (Nodet et al., 2009; Salmon et al.,

2010). Random coil values for calculation of secondary shifts were taken

from RefDB (Zhang et al., 2003).

The Ramachandran space was divided into four regions defined as

follows: aL {f > 0�}, aR {f < 0, �120� < c < 50�}, bP {�100� < f < 0�, c >

50� or c <�120�}, and bS {�180� <f <�100�, c > 50� or c <�120�}. The pop-
ulations of these quadrants are denoted as p(aL), p(aR), p(bP), and p(bS),

respectively. Differences between statistical coil sampling and selected

ensembles were characterized with the following metric for each residue:

Di;Rama =
X

k

�
pk;SCðkÞ � pk;ASTðkÞ

�2
; (1)
246 Structure 22, 238–249, February 4, 2014 ª2014 Elsevier Ltd All r
where k covers the four regions (aL, aR, bP, and bS). The dependence of

cross-validated c2 values on identifiable differences in conformational sam-

pling between selection and statistical coil was determined by creating sub-

sets of data that are only included in the c2 when DRama > DRama,threshhold for

the residue of interest.

Deposition of Ensembles

Atomic coordinates of representative ensembles of both proteins are depos-

ited in the pE-DB database (Varadi et al., 2013).
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Figure 8. Overall Dimensions and Long-Range Contacts in hTau40

(A) Distribution of radius of gyration in statistical coil pool (gray), in the

SAXS+RDC+PRE+CS-selected ensemble (blue), and in the PRE-only selected

ensemble (red) for hTau40.

(B) Ca atom contact map of 441-residue Tau determined using CS, RDCs,

SAXS, and PREs. Sampling represented in terms of dij = log(<dij>/< dij,ref>).

Colors range from red (�0.3, regions in closer contact than pool) to green (0.0)

to blue (0.3, regions farther apart than pool).
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